hydrogen besides sulfur and nitrogen, and which was later 2 proved to be heptasulfurimide (S 7 NH). Arnold et al. 2 modified the method by using gaseous ammonia instead of the standard solution of ammonia and were the first to report that the color of the reaction mixture changed from dark brown to greenish brown to salmon red during the ammonia flow. The ammonia flow was stopped when the reaction mixture reached salmon-red color, and the products were then examined.
Each of the above investigators was attempting to maximize the yield of S 4 N 4 since it is the parent compound of numerous other sulfurnitrogen compounds. However, the conditions of the reaction can be varied so that the heptasulfurimide is the principal product.
' 10
Tetrasulfur tetranitride crystallizes as bright yellow-orange 1 0 9 4 f need es that are reported to melt at 178 C.
It has been shown rom the electron diffraction data that the 11 The other sulfur-nitrogen compound, S 7 NH, is a white, flaky substance which melts at 113.5° C without decomposition. Structurally, it resembles s 8 with an NH group substituted for one of the sulfur atoms. The strong absorption band in the infrared at 3400 em -1 verifies that the hydrogen is bonded to the nitrogen. It produces an evanescent purple color with alcoholic potassium hydroxide. It readily dis solves in benzene, methanol, acetone, and carbon tetrachloride.
The objective of this study was to reinvestigate the reactions between the sulfur chlorides and ammonia, by using quantitative separa-\ tion of the reaction products. Since crystallization, used in all previous studies, involves losses of 10 to 50o/o, a portion of this work centered upon developing an efficient method of separation of these products.
Chromatographic methods of separation were investigated and employed. Also an attempt to learn the mechanism of the reaction was made. In order to accomplish this, reactions were carried out under various conditions of temperature, flowrate of ammonia, concentration and type of sulfur chlorides, solvent, and duration of the ammonia flow. The effects of each of the variables were determined. The reaction course was followed by taking small samples of the reaction mixture at every distinct color change. The behavior of the samples when mixed with water was noted, and the pH of the aqueous portion was determined. For reasons discussed in the latter part of this thesis, two columns were required in order to obtain a quantitative separation of the three compounds. In one column (alumina, dried) tetra sulfur tetranitride was separated from sulfur and heptasulfurirriide. Using another sample of the three compounds in a second column (silica gel) sulfur and heptasulfurimide were separated from each other, leaving the tetra sulfur tetranitride in the column. A typical procedure is described below.
B. Separation Procedures
An alumina column, 18 em long and 2. 54 em in diameter was prepared by pouring a thin slurry of the alumina (acid, activity grade 1, M. Woelm-Eschwege, Germany, dried at 150° C for 12 hr) in dry benzene into a 2-ft glass column with a 'reservoir attached to the top of the column by a ground-glass joint. The tubular section of the column was prefilled with dry benzene (dried over P 2 .... Table II , nondried Si02); flow rate is 0. 2 em / cm2 -min; column length is 18 em.
-9- Table I .
At each distinct color change, a rod was dipped into the reaction mixture and a drop or two of the reaction mixture was taken for observation. About 5 ml of the reaction mixture was also taken and was shaken with 25 ml of distilled water, and the pH of the aqueous portion was determined.
The reaction mixture was filtered on a sintered-glass funnel.
The total volume of the filtrate was recorded and two 25-ml aliquots were air-dried in tared evaporating dishes for chromatographic separation.
The damp solid material was immediately stirred with about 500 ml of distilled water to dissolve the ammonium chloride. The remaining solid was filtered off and allowed to air-dry thoroughly for a day or two.
-10-
The factors believed to affect the yields of s 4 N 4 and S 7 NH are the flowrate of ammonia, temperature, concentration and type of sulfur chlorides, solvent, and duration of run. In order to determine the effect of each of these variables, reactions were carried out such that one variable was changed at a time, as summarized in Table I .
In the first four runs reactions were carried out at ambient temperature, with an ammonia flowrate of 18 liter/hr and an initial concentration of 84 g of s 2 c1 2 in CC1 4 . Only the duration of run was varied.
In the fifth run a fast (50 liter/hr) flowrate of ammonia was employed. The temperature was kept at ambient temperature and 84 g of In view of these results the sixth run was stopped at the appearance of the yellow ochre color.
In the seventh run, conditions were similar to that of Run No. 1 · except that the ammonia flow was stopped when the reaction mixture turned olive drab.
In the eighth, ninth, and tenth runs the reaction vessel was kept under ice throughout the duration of the run. With the ammonia flowrate of 18 liters/hr and an initial concentration of 84 g of s 2 c1 2 , the duration of the ammonia flow was varied. The golden poppy color appeared earlier than if the reaction was carried out at ambient temperature.
In the eleventh run, the reaction mixture was cooled in ice until the appearance of the olive drab color. While continuing the passage of ammonia, the ice bath was removed and the temperature was allowed to rise to room temperature.
Run No. 12 was carried out under the same conditions as Run
No. 1 except that the concentration of s 2 c1 2 was doubled.
In Run No. 13, 84 g of s 2 c1 2 was used. However, it was .chlorinated prior to the introduction of ammonia. During brisk stirring, Cl 2 gas (dry) was allowed to pass into the solution until a distinctly -11- A yellow-brown mass was rapidly formed in the flask, which slowly became gr.ey. Next the color changed to olive drab, and then gradually to golden poppy after 6 hr.
In the next three runs the solvent was changed. In Run No. 14, 
It is apparent that on the dried adsorbents, S and s 7 NH behave identically, whereas on the non-dried adsorbents S 7 NH is held more strongly-probably through the formation of hydrogen with traces of:
water. The loss or decomposition of S 4 N 4 in the columns can also be attributed to the presence of traces of water.
It was found that a column of 2. 54-cm inside diameter gave maximum separation consistent with a convenient flowrate. The results given in Table III show that the 18 -em length was chosen as a compro·-mise between separation of the bands and material lost in the column.
A longer column (35 em) provided a better band separation; however, the recovery of materials decreased by 10o/o. A shorter column gave better recovery but not a very satisfactory separation.
Experiments showed that it was necessary to evaporate the original carbon tetrachloride portion of the reaction mixture and redissolve
. the residue prior to separation in the column. 
The SC1 2 in Eq. (2) was assumed to come from Eq. (1).
All these reactions are believed to be completed in a step-wise manner, as shown from the observation that as the reaction proceeded The course of the reaction was also followed by drawing out about 5 ml of the reaction mixture at each distinct color change. This sample -19-was shaken with 2 5 ml of distilled water and the pH of the aqueous portion was determined.· It was found that the pH increased as the reaction proceeded, and remained constant after the formation of the golden poppy color.
The increasing pH can only be used as an indication of the completeness of the reaction. ·The pH increased from 2.0 to 8.75, at which point the golden poppy color appeared.
It is important to note the pH of the aqueous extract, since results showed that at a fast flowrate of ammonia (50 liters/hr) the orange color appeared twice during the reaction. The first orange color appeared after 30 min and the temperature was at its peak. This color lasted onlY: for about 5 min; the pH of the aqueous extract was 3.25.
When the reaction was stopped at this stage the filtered solid material contained no S 4 N 4 , and evaporation of the filtrate left a black plasticlike substance.
The criterion for completion of reaction is the formation of the golden poppy mixture, the aqueous extract of which has a pH of 8. 7 5.
The final products of the reaction are tetrasulfur tetranitride, heptasulfurimide, sulfur, and ammonia chloride. Recently, however, it has been reported that three isomers of the hexasulfurdiimide, s 6 (NH) 2 , have been isolated. 17 However, no attention has been devoted to the qualitative and quantitative determination of these isomers since reports showed that they are formed in trace amounts.
The relative amounts of the final reaction products depend upon the conditions of reactions. In view of this fact, reactions were carried out under various conditions to determine the optimum conditions for the preparation of S 4 N 4 and S 7 NH.
Effect of the Duration of Ammonia Flow
The yields of S 4 N 4 , S 7 NH, and S depend upon the duration of the ammonia flow, as long as the golden poppy color has not been reached.
It was found that in Run No. 7, when the ammonia flow was stopped at the formation of the olive drab mixture, the carbon tetrachloride portion of the reaction mixture left a black residue after evaporation, and -20-the solid material contained no S 4 N 4 . Ho,wever, after the formation of the golden poppy mixture the amount of S 4 N 4 and S 7 NH remained constant, independent of the duration of the ammonia flow, as shown in Table IV . It could also be seen from the Table that 
Effect of Temperature
As shown in Table V Table IV shows that the yield of S 4 N 4 was. not affected by an increase in temperature resulting from an increase in the flowrate of ammonia. The yield of S 7 NH was slightly affected.
-21- b Solid decomposed.
-22- 
Since ammonia is a good HCl acceptor, there is a possibility that Eq.
(4) would be competing with Eqs. (1), (2), and (3) as ammonnia is being passed through the s 2 c1 2 solution. However, the temperature of the reaction greatly affects the rates of each of the above reactions. At low temperatures, the rate of reaction (1) is more favored, whereas at very high temperature (50° C) the rate of formation of s 16 N 2 becomes more important. Hence the yield of S 7 NH decreased as the temperature increased.
Effect of the Flowrate of Ammonia
The results of increasing the flowrate of ammonia are given in Table VI . By a threefold increase in the flowrate, the time of the appearance of the golden poppy color was shortened by about one -third of the original time. The yields of S 4 N 4 did not vary with the flowrate.
However, it could be seen from Table VI that there was a decrease in the yield of S 7 NH when ammonia was passed at a faster flowrate. This could be due to the fact that at a £aster flowrate the temperature rose up rapidly, reaching a maximum that was 20 degrees higher than the maximum temperature of the reaction carried out at a slow flowrate of ammonia. Consequently, with such an increase 1n temperature, the yield of S 7 NH decreased correspondingly.
Effect of Concentration and Type of Sulfur Chloride
The results given in Table VII -24- It can be seen from 
Effect of Solvent
The conditions of reaction were kept similar to that of the first run but the reaction was carried out in various solvents. Table VIII shows that the nature of the solvent seemed to have a tremendous effect on the relative amounts of the reaction products. 8
It has been postulated that s 7
NH is formed in a step-wise manner, starting from the dissociation of the s 2 c1 2 :
The initial dissociation of s 2 c1 2 should be facilitated in a more polar solvent. However, the results obtained were contrary to this expectation. At low temperatures more S 7 NH was formed in a reaction using carbon tetrachloride as solvent than in a reaction using dimethyl.-" formamide as solvent. At ambient temperature no S 7 NH was isolated from a reaction carried out in dimethylformamide, whereas 8 g of • I
More study on the effect of the nature of solvents 1s necessary to explain clearly the results obtained. The effect of temperature on the formation of S 7 NH is very puzzling.
It will be interesting to know whether the effect is due either to the reaction between S 7 NH and unreacted s 2 c1 2 l.n the presence of ammonia at elevated temperatures; or whether the rate of formation of S 7 NH is greatly slowed down at temperatures above 50°.
-31-
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